2. Ruthenium polypyridyl complexes containing the bischelating ligand 2,2´-azobispyridine. Synthesis, characterization and crystal structures * Three ruthenium polypyridyl compounds of structural formula [Ru(apy) (tpy)L](ClO 4 ) (2-n) (apy = 2,2'-azobispyridine; tpy = 2,2':6',2"-terpyridine; L = Cl -, H 2 O, CH 3 CN) (1a-c) were synthesized and crystallized. These complexes were fully characterized by means of 1D and
2D
1 H NMR spectroscopy, as well as mass spectrometry and elemental analysis. Although in theory two isomers are possible, i.e. the one in which the central N atom in tpy is trans to the azo N in apy and the one in which the former is trans to the pyridine N in apy, in all cases only the latter was observed. The molecular structures of the compounds were elucidated by single-crystal X-ray diffraction.
Introduction
Recently a large interest has grown in ruthenium polypyridyl complexes as a possible alternative to the use of classical platinum chemotherapy. 1 Some examples of these compounds are Ru(tpy)Cl 3 and Į-[Ru(azpy) 2 Cl 2 ] (azpy = 2-phenylazopyridine). Ru(tpy)Cl 3 shows a pronounced in vitro cytotoxicity and exhibits antitumor activity. 2 The compound Į-[Ru(azpy) 2 Cl 2 ] has been reported to show a remarkably high cytotoxicity, even more pronounced than cisplatin in most of the tested cell lines. 3, 4 The increased amount of possible binding modes of ruthenium polypyridyl complexes to DNA as compared to those of the first generations of platinum drugs, including intercalation of the ligands between two parallel base pairs, could be crucial in order to overcome resistance to cisplatin. 5 In shown to display an antimetastatic activity, which has not been observed in the case of the routinely used platinum compounds. 6, 7 In this chapter, the synthesis and characterization of a group of the above-mentioned ruthenium polypyridyl complexes are described. Taking Ru(tpy)Cl 3 as the starting building block in the synthesis, the second moiety of choice is 2,2'-azobispyridine (apy), a didentate polypyridyl ligand. First described by Kirpal in 1927, 8 the availability of two possible coordination sites has made it attractive in the synthesis of multiple dinuclear complexes, most of which were symmetric, as reviewed by Kaim. 9 On the other hand apy is structurally related to 2-phenylazopyridine (azpy), a ligand present in the recently reported cytotoxic bis(2-phenylazo)pyridine ruthenium(II) compounds, such as the above-mentioned
The X-ray structures of the three newly prepared complexes are presented, which provide interesting observations by comparison with each other, as well as with other already reported related structures. [10] [11] [12] [13] These results indicate a powerful possibility to tune the sixth coordination site and tailor-make complexes that display varying properties, thereby fulfilling different requirements.
Experimental

Materials and reagents
2,2'-Azobispyridine (apy) and Ru(tpy)Cl 3 were synthesized according to the literature methods. 8, 14 LiCl, NaClO 4 (both Merck), NaClO, AgNO 3 , (both Acros), tpy (Aldrich) and RuCl 3 ·3H 2 O (Johnson & Matthey) were used as supplied. All other chemicals and solvents were reagent grade commercial materials and used as received, without further purification.
Physical measurements
C, H and N determinations were performed on a Perkin Elmer 2400 Series II analyzer.
Mass spectra were obtained with a Finnigan MAT TSQ-700 mass spectrometer equipped with a custom-made electrospray interface (ESI). FTIR spectra were obtained on a Perkin
Elmer Paragon 1000 FTIR spectrophotometer equipped with a Golden Gate ATR device, using the diffuse reflectance technique (res. 4 cm -1 ). NMR spectra were recorded on a
Bruker DPX-300 spectrometer operating at a frequency of 300 MHz, on a Bruker AV-500, at a frequency of 500 MHz, and on a Bruker DMX-400, at a frequency of 400 MHz. Chemical shifts were calibrated against tetramethylsilane (TMS). Crystal system
X-ray structural determination
Space group 8.6951 (5) 9.8750 (5) 14.7384 (7 10.9876 (9) 11.5675 (5) 12.8188 (15) 79.141 (7) 70.879 (7) 84.259 (6) 1510 . 11.2566 (7) 11.6870 (8) 12.0681 (9) 94.444 (6) 113.183 (5) 91.415 (5) 1452.40 ( 
Synthesis and characterization of the [Ru(apy)(tpy)L](ClO 4 ) (2-n) compounds
The synthesis of the three complexes was accomplished in three steps, analogously to the synthesis of their related azpy complexes, 10 as described in detail below (see Fig.2 .1). (2-n) compounds.
Fig.2.1. Scheme of the synthesis of the [Ru(apy)(tpy)L](ClO 4 )
Caution:
Although no problems were encountered in the synthesis and handling of the materials described below, those containing perchlorate are potentially explosive and should be handled with care.
Chloro (2,2´-azobispyridine) (2,2´:6´,2"-terpyridine) ruthenium (II) perchlorate, [Ru(apy) 
(tpy)Cl](ClO 4 ) (1a)
LiCl (300 mg, 7.08 mmol) was dissolved in 45 ml of ethanol-water (3:1).
Triethylamine (0.096 ml, 0.68 mmol) was added, followed by Ru(tpy)Cl 3 ·3H 2 O (300 mg, 0.68 mmol) and 2,2'-azobispyridine (apy; 189 mg, 1.02 mmol). The mixture was refluxed for one hour, after which the hot solution was filtered to remove any insoluble material. Acetonitrile (2,2´-azobispyridine) (2,2´:6´,2"-terpyridine) Crystallization turned out to be the most appropriate method found for the purification of these three new compounds. For that purpose, perchlorate was found to be the ideal counter ion, which not only allowed obtaining the compounds in high purity, but also crystals suitable for X-ray diffraction analysis. The infrared spectra of the three complexes are almost identical. The only remarkable difference is the presence of a broad, weak peak at 3000-3500 cm -1 in the spectrum of 1b, which appears not only as a consequence of the aqua ligand, but also of the water molecules in the lattice structure of the compound, vide infra. The presence of perchlorate as a counterion is confirmed by the very strong, broad peak at 1070-1090 cm -1 and the strong, sharp peak at around 620 cm -1 . Further the spectrum is complicated, with many peaks in the fingerprint area. A weak, broad peak around 3090 cm -1 , characteristic of aromatic C-H stretching, as well as a sharp peak of medium intensity around 1600 cm -1 , characteristic of aromatic ring stretchings, and an intense, sharp peak at 765-767 cm -1 , characteristic of ring deformations and C-H out-of-plane deformations, appear as expected from a structure including aromatic rings. Two sharp peaks of medium intensity appear at 1448 cm -1 and 1300 cm -1 , respectively. These signals are the result of the N=N stretching vibration, indicating the presence of an azo group in the molecule. A Ru-Cl stretching mode would be expected in the area around 300 cm -1 . 20 However, this is a too crowded area with bands therefore no conclusions can be drawn.
Results and discussion
Synthesis
Finally, the solution geometry can be accurately assigned by means of 2D 1 H NMR spectroscopy. Together with the NOE couplings, the COSY couplings between the peaks unmistakably confirm that the central nitrogen atom in tpy is trans to the pyridine N in apy in the three complexes (vide infra).
X-ray structural determinations
Plots of the structures of the cations of [Ru(apy) , the one in which the azo nitrogen of apy is trans to the pyridine nitrogen of tpy and the one in which the azo nitrogen is trans to the sixth coordination position, that is to say, to the chloro in 1a, the aqua in 1b and the acetonitrile in 1c.
However, the only observed isomer is in all three cases the latter. A similar arrangement has been reported for the 2-phenylazopyridine (azpy) analogues. 10, 12, 13 The Ru-N(azo) bond distance is shorter than that of Ru-N(pyridine) in all three cases (see Table 2 .2). This result is consistent with literature observations for the azpy analogues 10, 12, 13 and can be explained by the stronger ʌ-backbonding, dʌ(Ru) ĺ ʌ*(azo).
The bite angle of the apy ligand is between 76.2 (1a) and 76.8 (1b), comparable to the azpy ligand in [Ru(azpy)(tpy)Cl]Cl. 13 The tpy ligand is coordinated in such a way that the distance between the ruthenium and the central N is shorter than the distances between the ruthenium and the extreme N atoms. This characteristic was also observed in the above mentioned azpy analogues, 10, 12, 13 whereas in the starting complex Ru(tpy)Cl 3 these three bond lengths are equivalent. 11 Finally the tpy ligand is planar whereas the apy ligand is not.
The latter consists of two planes: that of the coordinating pyridine ring and the one of the non-coordinating pyridine ring. The lack of coplanarity reduces the delocalization through the apy ligand. The dihedral angle between these two planes is 33.52(19)° for 1a, 32.52(16)° for 1b and 53.56(10)° in the case of 1c.
Packing in the crystal lattice
Three-dimensional packing of the three complexes is depicted in Figs. 2.3-2.5.
Hydrogen bonding plays an important role in the crystal structure of complex 1b (Fig.2.4 ), the only one in which classical hydrogen bonds are formed. These occur between the hydrogen atoms of the aqua ligand and the oxygen atoms of both the water molecules and one perchlorate counter ion, between the hydrogen atoms of the water molecules and the oxygen atoms of perchlorate and also between the former and the oxygen atoms of other water molecules.
ʌ-ʌ stacking is observed between the pyridine rings in all three complexes. In both 1a
and 1b (Fig.2.3 and Fig.2.4) , this stacking occurs between a pyridine ring of a tpy ligand and the opposite pyridine ring of the tpy ligand coordinated to the adjacent molecule, as well as between pyridine rings of adjacent apy ligands. Complex 1c only displays ʌ-ʌ stacking between opposite tpy pyridine rings. Interatomic distances (Å) Interatomic distances (Å) Interatomic distances (Å)
Fig.2.3. Packing of [Ru(apy)(tpy)Cl](ClO 4 ) (1a)
. Hydrogen atoms are omitted for clarity.
Fig.2.4. Hydrogen bonding in [Ru(apy)(tpy)(H 2 O)](ClO 4 ) 2 ·2 H 2 O (1b).
Fig.2.5. Packing of [Ru(apy)(tpy)(CH 3 CN)](ClO 4 ) 2 (1c). Hydrogen atoms are omitted for
clarity.
H NMR characterization of the [Ru(apy)(tpy)L](ClO 4 ) (2-n) compounds
The 1 H NMR spectra of compounds 1a, 1b and 1c were recorded at 298 K in DMSO-d 6 , DMSO-d 6 and CD 3 CN, respectively. In all three cases four sets of peaks were observed in the aromatic region. The hydrogen atoms present in the coordinated pyridine ring will be from now on referred to as NA, were N is a number that indicates the position of the hydrogen in the ring. Analogously, the hydrogen atoms in the non-coordinated pyridine ring will be called NA´; the hydrogen atoms in the extreme pyridine rings in tpy,
NT and finally the ones in the central pyridine ring in tpy, NT´ (see Fig.2 .6 for the numbering). The aromatic region of the 1 H-1 H COSY and NOESY spectra of 1a in DMSOd 6 at 298K are shown in Fig.2 .7. Some assignments are indicated in the figure.
The most deshielded peak in the aromatic region of the 1 H NMR spectrum of 1a appears at 9.83 ppm and corresponds to the 6A atom. This proton appears at such a low field, because it is close in space to a chlorine atom and also attached to a carbon adjacent to a coordinated nitrogen atom. This last fact determines that the J coupling of this doublet is smaller than that of the one situated directly upfield, which can be assigned as 3A, as explained below. The 2D COSY connectivities result in the assignment of 5A, 4A and 3A, at 8.27 ppm, 8.45 ppm and 8.93 ppm, respectively. Fig.2.6. [Ru(apy) (2-n) compounds. Proton numbering scheme for 1 H NMR spectra.
(tpy)L](ClO 4 )
The 2D NOESY spectrum shows a clear crosspeak between the 6A signal and that appearing at 7.22 ppm. Since it is known from the X-ray structure that 6A and 6T are close to each other in space, the signal al 7.22 ppm is assigned to the 6T atom. Once 6T is known, 5T, 4T and 3T can be assigned from the interactions shown in the COSY spectrum.
Theoretically a NOESY peak should appear between 3T and 3T´, but this was not observed due to overlap. The set 6A´, 5A´, 4A´, 3A´ appears much more upfield than 6A, 5A, 4A, 3A and can be assigned analogously. In this case, 6A´ is also more deshielded than 3A´. Arrows show the COSY cross peaks between 6A and 5A, 3T and 4T, 3A´and 4A´, respectively. In the NOESY spectrum, the 6A-6T NOE is signalled.
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Concluding remarks
A family of ruthenium polypyridyl compounds of formula [Ru(apy)(tpy)L](ClO 4 ) (2-n) (apy = 2,2'-azobispyridine; tpy = 2,2':6',2"-terpyridine; L = Cl 
